U
nder stimulation by inflammatory cytokines or infection by distinct pathogens, cells can be activated to make diverse responses via cellular signaling pathways, such as activation of NF-kB, MAPKs, or IFN regulatory factors that result in the upregulation of anti-apoptotic proteins and several cytokines. Alternatively, activating death-signaling pathways leads to apoptosis or necrosis. How is the fate of cells determined by cellular proteins when they are exposed to a complex environment? In the past decade, the receptor interacting protein (RIP) kinase family has been shown to be an essential intracellular sensor that determines the outcome of cellular stress (1) .
The RIP kinase family, with seven members in humans, is a group of threonine/serine protein kinases with a relatively conserved kinase domain but unique recruitment domains (1) . RIP1, the first identified member, contains an N-terminal kinase domain, an intermediate domain (ID) , and a C-terminal death domain (DD) (2) . The DD of RIP1 can associate with DD-containing adaptor proteins, such as the TNFR-associated DD (TRADD) and Fasassociated DD (FADD) (3, 4) , whereas the ID contains an RIP homotypic interaction motif (RHIM) that enables it to interact with other RHIM-containing proteins, such as RIP3 and the Toll/ IL-1R domain-containing adapter molecule (TICAM)-1 (5, 6) . The kinase domain is essential for RIP1 involvement in TNF induced necrosis (7, 8) .
Based on its domain architecture, human RIP1 participates in diverse cellular responses, including those associated with death receptors (DRs), TLRs, RIG-like receptors, and other cellular sensors (9, 10) . For instance, RIP1 can associate with TRADD and TNFR-associated factor (TRAF) 2 to form the anti-apoptotic complex I in TNFR1 signaling (3, 11, 12) . It is also reported that the activated TNFR1 can trigger the K63-linked polyubiquitination of RIP1 on lysine 377 through cellular inhibitor of apoptosis protein 1 (13) (14) (15) (16) , providing an NF-kB-independent anti-death signal in the early phase of TNFR1 signaling (14) . However, when dissociated from TNFR1, RIP1 can form the cytosolic proapoptotic complex II to regulate cell death (17) (18) (19) . Many recent works have revealed that RIP1 regulates TICAM1-dependent TLR3/4 signaling via the association of the RHIM domain both in the intermediate domain of RIP1 and in the C terminus of TICAM1 (6, (20) (21) (22) . Conversely, RIP1 is also responsible for TLR3/4-induced apoptosis and necrosis by acting upstream of FADD and caspase-8 (23, 24) . RIP1 can also serve as a scaffold to assemble mitochondrial antiviral signaling protein, the critical adaptor in RIG-like receptor signaling, to FADD, which in turn recruits caspase-8 or -10 for the activation of NF-kB or apoptosis, depending on the presence of cellular FLIP (25, 26) .
Immune deficiency (IMD), a homolog of RIP1 conserved in arthropods, has a similar C-terminal DD, but lacks the N-terminal kinase domain (27) . The Drosophila IMD pathway is responsible for defense against Gram-negative bacterial infections and for promoting apoptosis (27) (28) (29) . Drosophila IMD serves as an adaptor protein to recruit Drosophila FADD, which in turn associates with the caspase-8 homolog death-related ced-3/Nedd2-like protein to form a receptor proximal complex to activate the NF-kB homolog Relish or to activate the JNK pathway for apoptosis (27, 28) .
RIP1 is highly conserved in vertebrate evolution, but it cannot be found in Pseudocoelomata and lower Coelomata, whose genome drafts have been reported (30) (31) (32) (33) . Additionally, although the downstream signaling of Drosophila IMD is similar to vertebrate TNFR1 signaling, it is difficult to define the evolutionary relationship between RIP1 and IMD. Thus, investigation of RIP molecules in amphioxus, the basal chordate, is critical for tracing the origin of vertebrate RIP1. Our previous studies have shown a complex innate immune signaling network and described a novel TLR system and an extrinsic apoptotic pathway in amphioxus (34) (35) (36) (37) (38) (39) . Because of the scaffold roles of RIP1, the study of amphioxus RIP1 is essential for further understanding of how amphioxus cells distinguish stressors via expanded receptors, and of how unique responses to these stressors are established and triggered.
Materials and Methods

Maintenance and spawning of amphioxus in the laboratory
Adult amphioxus Branchiostoma belcheri tsingtauense was collected from Kioachow Bay near Qingdao, China, and reared in tanks with filtered seawater and continuous aeration in the laboratory. The water was changed on alternate days.
Sequence retrieval and structural and phylogenetic analyses
The protein sequences of the arthropod IMD and vertebrate RIP family were used to perform BLASTP searches against all databases available at the National Center for Biotechnology Information, Department of Energy Joint Genome Institute (http://genome.jgi-psf.org/Brafl1/Brafl1.home. html), and the home of the Sea Urchin Genome Database (SpBase, http:// www.spbase.org/SpBase/index.php). Domain structures were predicted by using the SMART database (http://smart.embl-heidelberg.de/).
For phylogenic analysis, RIP protein sequences were first aligned using ClustalX 1.83 and manually corrected using GeneDoc. Then, the neighbor joining tree was constructed using the routine in MEGA 4 with 1000 bootstrap tests.
Statistical analysis
One-way ANOVA with a Dunnett posttest (95% family-wise confidence level) was used for statistical significance analysis.
Full-length B. belcheri tsingtauense RIP1 cDNA cloning
The B. b. tsingtauense cDNA ready for RACE-PCR was prepared by the GeneRacer RACE Ready cDNA kit (Invitrogen). Gene-specific primers for PCR amplification were designed according to the predicted sequences of Branchiostoma floridae genome models (80064, 80066, 108559, and 108561). Subsequently, 59 and 39 RACE were performed for full-length sequence cloning. Two full-length cDNA sequences consisted of 566 and 739 aa residues were obtained and termed B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b, respectively (GenBank accession nos. JF719909 and JF719910, http://www.ncbi.nlm.nih.gov/).
Bacterium challenges of adult amphioxus and quantitative real-time PCR
The adult amphioxus were injected with 10 5 CFU PBS diluted Grampositive Staphyloccocus aureus and Gram-negative Vibrio anguillarum bacteria into the coelom and cultured in separate tanks. The challenged animals were collected at 2, 8, 24, 48, and 72 h postinfection. Intestines from five individuals were combined in a single sample for total RNA extraction using TRIzol (Invitrogen) and subjected to DNase I treatment (Promega) according to the manufacturers' protocols. Intestines from five PBS-injected animals (15 ml/animal) were also collected at the same time as controls. After total RNA was prepared, reverse transcription was performed following the manufacturer's instructions (Invitrogen).
Quantitative real-time PCRs (qRT-PCRs) were run in triplicate using the following conditions: 2 min at 95˚C followed by 40 cycles of 30 s at 95˚C, 15 s at 60˚C, and 1 min at 72˚C. Data were quantified using the 2 244Ct method based on Ct values of B. belcheri tsingtauense RIP1s and B. belcheri tsingtauense b-actin. For the expression following challenge, folds were normalized to the expression in PBS-injected animals.
Section in situ hybridization
Adult amphioxus were fixed overnight in 4% paraformaldehyde in PBS buffer at 4˚C. The animals were dehydrated with gradated ethanol, embedded in paraffin, and systematically cut into 8-mm histological sections the following day. Before hybridization, the sections were dewaxed, rehydrated, washed, and digested by proteinase K. The probes used for whole-mount in situ hybridization were added to the sections at a concentration of 1 mg/ml each. After overnight hybridization at 42˚C, sections were treated with a series of high stringency washes followed by immune detection. Digoxigenin-labeled sense and anti-sense probes for B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b were synthesized with a DIG RNA labeling kit (Roche).
Expression plasmids
For the expression of B. belcheri tsingtauense RIP1s in HEK293T cells, PCR fragments encoding for amino acids 1-287, 1-470, 288-470, 288-566, and 471-566 of B. belcheri tsingtauense RIP1a and 1-296, 1-647, 297-647, 297-739, and 648-739 of B. belcheri tsingtauense RIP1b were inserted into pCMV-Myc vector and designated as S_TKc, 4DD, ID, 4S_TKc, and DD, respectively.
For the study of subcellular localization, full-length B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b were inserted into pEGFP-N1 vector. For the coimmunoprecipitation and immunofluorescence tests, the full-length B. belcheri tsingtauense DRs, B. belcheri tsingtauense TRAFs, B. belcheri tsingtauense CRADD, B. belcheri tsingtauense FADD1, B. belcheri tsingtauense TICAM, and B. belcheri tsingtauense RIP1s were inserted into pCMV-HA and pCMV-FLAG vector. The pCMV-FLAG vector was constructed by replacing the short Myctag of pCMV-Myc with Flag-tag. The site-directed mutants were constructed according to the QuikChange Multi Site-Directed Mutagenesis Kit (Stratagene).
Cell culture and transient transfection
HEK293T cells were cultured in DMEM medium, which was supplemented with 10% FCS (Gibco) and antibiotics (streptomycin and penicillin; Life Technologies) in a humidified atmosphere of 95% air and 5% CO 2 at 37˚C. Transient transfection was conducted with the Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions.
Luciferase reporter assay
HEK293T cells were plated in 48-well plates and transfected 14-20 h later with a mixture of DNA. The mixed DNA contained the indicated amount of expression vectors, 5 ng/well Renilla expression vector to allow normalization of data for transfection efficiency, and 50 ng/well NF-kB, IFN-b, or AP-1 response promoter luciferase reporter and complementary empty vectors. Samples were measured by a dual luciferase reporter assay system (Promega). The pNF-kB-Luc plasmid, pISRE-Luc plasmid, and pAP-1-luc plasmid were purchased from Stratagene, and the Renilla expression vector pRL-TK was purchased from Promega.
Caspase-8 activities assay
HeLa cells were plated in 48-well plates and transfected with 400 ng/well indicated plasmids. At 20 h after transfection, the caspase-8 activities were measured by a Caspase-Glo 8 assay system (Promega) according to the manufacturer's instructions.
Immunofluorescence imaging
HeLa cells seeded on coverslips (10 3 10 mm) in a 24-well plate were transfected with 400 ng indicated expression plasmids. After 20-24 h, cells were fixed for 15 min in a 4% formaldehyde solution, washed three times in PBST (0.05% Tween 20 in PBS), and blocked with 5% BSA in PBST at room temperature for 1 h. Cells were then incubated with 1 mg/ml mAb for 1 h, washed three times in PBST, and incubated with the second Ab for 1 h. Following triple washing in PBS, cells were labeled with 0.2 mg/ml DAPI in PBS for 5 min and then washed three times in PBS. Cells were mounted in Mowiol 4-88 reagent (Calbiochem) and photographed with a Carl Zeiss Axiovision 4 microscope.
Coimmunoprecipitation
HEK293T cells in six-well dishes were transfected with 4 mg DNA plasmids (2 mg/each expression vector). At 20-24 h posttransfection, the whole cell extracts were prepared in immunoprecipitation lysis buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholic acid sodium salt, and mixture of protease inhibitors [Roche] ) and incubated with primary Abs at 4˚C for 4 h, then incubated with protein G-Sepharose (Roche) at 4˚C overnight. On the second day, the mix was washed three times with lysis buffer. Analysis was conducted using SDS-PAGE followed by Western blot using the ECL protocol (Amersham Biosciences).
Results
Identification and sequence analysis of amphioxus RIP1a and RIP1b
The full-length cDNAs of two amphioxus RIP1 homologs were isolated from the B. belcheri tsingtauense intestine cDNA library and designated as B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b, respectively. Both B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b have a domain architecture similar to their vertebrate counterparts (Fig. 1A) , including an N-terminal kinase domain, an ID, and a C-terminal DD. Additionally, both B. belcheri tsingtauense RIP1s contain an RHIM motif in the ID region. The RHIM is a chain of ∼35 aa that mediate protein-protein interaction (5, 6) , particularly conserved to contain a four amino acid (I/VQIG) motif commonly present in RIP1, RIP3, and TICAM-1. However, the conserved Q440 in the RHIM of B. belcheri tsingtauense RIP1a was naturally changed to I (Fig. 1B) , indicating that B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b may have similar, but not overlapping, signaling activity. Sequence analysis also showed that B. belcheri tsingtauense RIP1s possess a conserved DF/LG motif containing a T loop (Fig. 1C) , suggesting that activity of B. belcheri tsingtauense RIP1s might also be inhibited by Necrostatin-1 (8) . Moreover, by mapping them to the genome of B. floridae, we found that B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b are arrayed in reverse order on the same scaffold (data not shown). Further analysis indicated that both B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b have genomic organization similar to their counterparts in B. floridae (Supplemental Fig. 1A) . Thus, B. belcheri tsingtauense RIP1s may be generated by an amphioxus-specific reverse insertion or duplication event.
Amphioxus RIP1s shed light on the evolution of vertebrate RIP family
Although the domain architecture with an N-terminal serine/ threonine kinase domain and C-terminal DD have not been reported in Pseudocoelomata and lower Coelomata, the RIP1/IMDlike DD and the RIP1-kinase-like domain containing proteins could be identified from the released genome drafts of lower invertebrates, such as sea anemones, the acorn worm, sea urchins, and amphioxus. Additionally, five RIP1-kinase-like domaincontaining sequences identified in these four lower invertebrates showed similar genomic organization, suggesting that such a domain may be the primitive kinase region of RIP1 (Fig. 1D) . Thus, we speculated that RIP1 may be produced by domain recombination of the IMD-DD-like and the RIP1-kinase-like sequence after the divergence of Deuterostomia and Protostomia. To clarify the evolutionary process of the RIP family, phylogenetic trees based on the RIP-kinase-like domains (Fig. 1E ) and RIP1/ IMD-like DD (Supplemental Fig. 1B ) from mammals, chicken, Xenopus, fish, amphioxus, sea urchins, the acorn worm, and sea anemones were constructed and supported our speculation. Moreover, the phylogenetic trees confirmed that RIP6 and RIP7, also called leucine-rich repeat (LRR) kinase LRRK1 and LRRK2, are evolutionarily conserved from Cnidaria to mammals. The gene duplications of the ancestor LRRK generated three LRRKs (LRRK1, LRRK2, and LRRK3) before the split between cnidarians and other animals, whereas the additional cnidarianspecific LRRK4 was generated by lineage-specific duplication (40) (41) (42) . The existence of LRRK1, LRRK2, and LRRK3 in both amphioxus and sea urchins demonstrates that LRRK3 may have been lost after the split between vertebrates and lower chordates, whereas the protostomes, such as Drosophila melanogaster, have lost LRRK1 and LRRK2.
Expression profiles of B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b in amphioxus
To determine the tissue distribution of B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b, in situ hybridization was performed. Results demonstrated that both B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b were abundant in gill slits, hepatic cecum, intestine, and gonads ( Fig. 2A, 2B) . A visible signal was also observed in the cells near the central canal of the nerve cord ( Fig. 2A, 2B) . Transcripts of B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b were reduced after challenge with both Gram-positive S. aureus and Gram-negative V. anguillarum in qRT-PCR experiments (Fig. 2C, 2D ). This was consistent with our previous 454 sequencing analysis (43) , showing that transcripts of B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b were reduced following bacterial challenge. However, human RIP1 was reported to be expressed at low levels in all tissues and upregulated in cells under stimulation (2) . A possible reason for the expression differences between B. belcheri tsingtauense RIP1s and human RIP1 may be that the promoter element with transcription factor binding sites differs in the two species. The second possibility is that the roles of B. belcheri tsingtauense RIP1s in immune defense may depend on its interaction molecules, which are not the same as those in humans.
Overexpression of both B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b activates NF-kB in HEK293T cells
In mammals, RIP1 plays important roles in NF-kB and MAPK activation. We further analyzed the signaling activity of B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b in transfected HEK293T cells. Both B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b activated the NF-kB pathway in a dose-dependent manner and resulted in the slightly increased activation of not only the IFN-b-activating element reporter, but also AP-1 (Supplemental Fig. 2 ). To investigate which domain was essential for these activations, several truncated mutants were constructed and reporter assays were performed (Fig. 3) . As shown in Fig. 3B and 3F, the truncated mutants containing only the kinase domain of the B. belcheri tsingtauense RIP1s did not activate the NF-kB response, whereas the truncated mutants containing the intermediate domain alone or together with the DD were more effective than the full-length B. belcheri tsingtauense RIP1s, indicating that activation of the NF-kB pathway is RIP1 kinase activity independent but intermediate domain dependent. Similar results were observed in the IFN-b and AP-1 activation (Fig. 3C-D, 3G-H ).
TRAF6 binding sites (PXEXX), suggesting the potential ability to recruit TRAFs. In a previous study, we demonstrated that overexpression of B. belcheri tsingtauense TRAF6, but not of B. belcheri tsingtauense TRAF2 or B. belcheri tsingtauense TRAF3, activates NF-kB (37) . Thus, we performed further analysis to assess the functional relevance between amphioxus TRAFs and RIP1s. As shown in Fig. 4A -C, NF-kB activation mediated by both B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b was significantly upregulated by B. belcheri tsingtauense TRAF2 and B. belcheri tsingtauense TRAF6, but dramatically reduced by B. belcheri tsingtauense TRAF3. Results of confocal assays and coimmunoprecipitation experiments show that both B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b can colocalize and directly interact with B. belcheri tsingtauense TRAF2, 3, and 6, but not with B. belcheri tsingtauense TRAF4 (Fig. 4D-J, Supplemental Fig. 3A, 3B) .
B. belcheri tsingtauense RIP1b but not B. belcheri tsingtauense RIP1a participates in amphioxus MyD88-independent TLR signaling
We have demonstrated that amphioxus MyD88 can activate NF-kB in a manner similar to its human counterpart (36) . To investigate whether B. belcheri tsingtauense RIP1s are involved in amphioxus MyD88-dependent TLR signaling, B. belcheri tsingtauense MyD88 was cotransfected with B. belcheri tsingtauense RIP1a or B. belcheri tsingtauense RIP1b into HEK293T cells. Results show that neither B. belcheri tsingtauense RIP1a nor B. belcheri tsingtauense RIP1b can enhance the activity of B. belcheri tsingtauense MyD88 (Fig. 5A) . Additionally, confocal assays do not show the colocalization of B. belcheri tsingtauense MyD88 with B. belcheri tsingtauense RIP1a or B. belcheri tsingtauense RIP1b (Supplemental Fig. 3C, 3D) . In mammals, RIP1 participates in the MyD88-independent TLR3/4 pathway through association with TICAM1. Based on our recent characterization of another TIR adaptor, B. belcheri tsingtauense TICAM, the common ancestor of vertebrate TICAM1 and TICAM2, we further investigated whether B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b participate in the B. belcheri tsingtauense TICAM-mediated pathway. Results show that B. belcheri tsingtauense RIP1b but not B. belcheri tsingtauense RIP1a significantly enhances NF-kB activation via B. belcheri tsingtauense TICAM (Fig. 5B, 5C ). Because the RHIM motif is responsible for the interaction between RIP1 and TICAM1 in humans, we speculated that such functional difference between B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b may be due to the mutation of Q into I in B. belcheri tsingtauense RIP1a. Thus, two site-directed mutagenesis studies were conducted by replacing the conserved residue Q613 within the RHIM of B. belcheri tsingtauense RIP1b with an I, and replacing the residue I440 within the RHIM of B. belcheri tsingtauense RIP1a with a Q. Results of reporter assays show that when I440 is replaced by Q, B. belcheri tsingtauense RIP1a can coactivate NF-kB with B. belcheri tsingtauense TICAM (Fig. 5B) , whereas when Q613 is replaced with I, B. belcheri tsingtauense RIP1b can no longer enhance the NF-kB activation mediated by B. belcheri tsingtauense TICAM (Fig. 5C ).
Thus, our data suggested that the conserved residue Q in the RHIM motif is indispensable for its interaction with other RHIMcontaining proteins for downstream signaling transduction.
Overexpression of both B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b induces HeLa cell apoptosis
Cells overexpressing human RIP1 were found to exhibit loss of adherence and membrane blebbing morphologically similar to apoptosis (2, 3) (Fig. 6A ). This could be inhibited by caspase general inhibitor Z-VAD-FMK (Fig. 6B) . Similar morphology was observed when HeLa cells were transfected with B. belcheri tsingtauense RIP1a-and B. belcheri tsingtauense RIP1b-GFP. HeLa cells with increased abundance of B. belcheri tsingtauense RIP1a-and B. belcheri tsingtauense RIP1b-GFP initially became spherical and retracted from neighboring cells, and they subsequently underwent a prolonged period of dynamic plasma membrane blebbing, which frequently produced small sealed membrane vesicles (Supplemental Video 1). The most noticeable nuclear features of apoptosis, nuclear condensation and fragmentation, were observed (Fig. 6C, 6E ), which could be inhibited by Z-VAD-FMK (Fig. 6D, 6F ). Similar to human RIP1, overexpression of B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b activates caspase-8 (Fig. 6G ).
Both B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b induce apoptosis via B. belcheri tsingtauense FADD1
In a previous study, we demonstrated the functional presence of extrinsic apoptosis pathway in amphioxus (39) . Because vertebrate RIP1 can be associated with DR-induced apoptosis via the homotypical interaction through the DD, we performed coimmunoprecipitation experiments to reveal whether B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b target the amphioxus extrinsic apoptosis pathway. Results in Fig. 7A show that both B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b can directly interact with B. belcheri tsingtauense FADD1, which serves as the scaffold to link the DR to the caspase cascade (39). However, both B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b failed to coimmunoprecipitate with B. belcheri tsingtauense DR1, B. belcheri tsingtauense CRADD, and the other two DRs (named DR16 and DR18 corresponding to B. floridae gene models 91616 and 91618) from Chinese amphioxus (Fig. 7A) . Unlike the cooperation with B. belcheri tsingtauense TRAFs, B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b have no observable effect on NF- kB activation via B. belcheri tsingtauense FADD1 (Fig. 7B) . Confocal results confirm that both B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b colocalize with B. belcheri tsingtauense FADD1 (Fig. 7C, 7D ), but the cannot colocalize with B. belcheri tsingtauense CRADD and B. belcheri tsingtauense FADD2 (Supplemental Fig. 3E-H) . Interestingly, coexpressed with B. belcheri tsingtauense FADD1-DD, the increased abundance of B. belcheri tsingtauense RIP1s-GFP resulted in the formation of short or long filamentous and reticulate structures in the cytoplasm, which have not been previously reported (Fig. 7E, 7F ). Such filamentous structures can be observed for the overexpression of death effector domain but not DD in many apoptotic related proteins, such as human FADD and CRADD, indicating the association of B. belcheri tsingtauense RIP1s with B. belcheri tsingtauense FADD-DD in apoptotic mechanism. Additionally, when B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b were coexpressed with the truncated mutant B. belcheri tsingtauense FADD1-DD, the apoptosis of transfected cells induced by B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b was eliminated (Supplemental Fig. 4) . A similar phenomenon was also observed for human FADD-DD in TNF-a-and RIP-induced cell death (11, 44) . Results in Fig. 7G show that caspase activity can be reduced by B.
belcheri tsingtauense FADD1-DD but not by B. belcheri tsingtauense FADD1, which further confirmed the negative regulation of B. belcheri tsingtauense FADD1-DD in amphioxus RIP1-mediated apoptotic pathways.
Discussion
The evolution of the vertebrate RIP kinase family
Since the identification of RIP1 in 1995 using a yeast two-hybrid screen with the cytoplasmic DD of human Fas as a bait (2), seven serine/threonine kinase family members, RIP1-7, have been characterized in vertebrates (1) . All contain a highly conserved serine/threonine kinase domain but also different recruitment domains that determine their unique functions. Based on the divergence of this region, the RIP family can be divided into two main groups. RIP6 and RIP7 contain an LRR region for recognition and are also found in invertebrates, whereas RIP1-5 have a C-terminal protein-to-protein interaction domain and have traditionally been considered a vertebrate-specific innovation. However, the identification of two RIP1-like genes from amphioxus suggests that the ortholog of vertebrate RIP1 and the common ancestor of vertebrate RIP2-5 have emerged in the basal chordate by lineage-specific duplication, since B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b are located on the same chromosome in reverse directions. Additionally, in the B. floridae genome, two sequences containing only the kinase domain (corresponding to B. floridae gene models 85040 and 112988) and hundreds of sequences containing only DD were also found, indicating that B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b may be produced by an amphioxusspecific domain transposition and insertion event. Additionally, the identification of the B. belcheri tsingtauense RIP1s indicates the secondary loss of RIP1 in the vertebrate sister group of the tunicates (Urochordata) (45) .
Amphioxus RIP1 is the molecular switch for activation of NF-kB and induction of apoptosis In humans, after DR stimulation, RIP1 and TRAF2 are recruited by TRADD to the DD of DRs to form an anti-apoptotic complex I, which mainly activates NF-kB for cell survival (3, 11) . Similar to human RIP1, our results show that both B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b can activate the NF-kB pathway in a dose-dependent manner and result in slightly increased activation of not only the IFN-b-activating element reporter, but also AP1 that follows JNK activation. All of these activities are kinase domain independent and intermediate domain dependent. Coimmunoprecipitation experiments and confocal tests show that B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b not only interact with B. belcheri tsingtauense TRAF2, but also with B. belcheri tsingtauense TRAF3 and B. belcheri tsingtauense TRAF6. Additionally, B. belcheri tsingtauense TRAF2 and B. belcheri tsingtauense TRAF6 act synergistically with both B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b in NF-kB activation, indicating the ancestral association between TRAFs and RIP1 as well as the activation of survival pathways. However, although B. belcheri tsingtauense TRAF3 can colocalize with B. belcheri tsingtauense RIPs, activation of NF-kB by B. belcheri tsingtauense RIP1s are dramatically downregulated by B. belcheri tsingtauense TRAF3. Because amphioxus contains 24 TRAF models with nonredundant functions, the disparate effects of amphioxus TRAFs on the B. belcheri tsingtauense RIP1-related signaling network indicates a complex regulation mechanism, which at least partially explains the expression differences between human RIP1 and B. belcheri tsingtauense RIP1s.
Additionally, overexpression of B. belcheri tsingtauense RIP1s induces cell apoptosis, which can be inhibited by caspase inhibitor-like human RIP1 (2, 3) . Similar to human FADD-DD acting as a dominant negative mutant for TNF-a-induced and RIP1-induced cell death (11, 44) , a truncated mutant containing only the DD of B. belcheri tsingtauense FADD1 not only inhibits HeLa cell apoptosis induced by B. belcheri tsingtauense DR1 (39), but also that induced by B. belcheri tsingtauense RIP1s. Moreover, B. belcheri tsingtauense RIP1s can directly interact with B. belcheri tsingtauense FADD1, which has been demonstrated to associate with B. belcheri tsingtauense Caspase-8, indicating that B. belcheri tsingtauense RIP1s can induce apoptosis through FADD-caspase-8 cascade. Thus, B. belcheri tsingtauense RIP1s have emerged as the molecular switch for activation of NFkB via association with amphioxus TRAF members or induction of apoptosis targeting the FADD-caspase-8 apoptotic pathway.
The potential negative feedback of amphioxus RIP1-mediated signaling through alternative splicing or point mutation
In our previous study (39) , both qRT-PCR and sequence analyses verified that a short isoform encoding only the DD of B. belcheri tsingtauense FADD1 was expressed mainly in intestine and gill slits, which are thought to be the immune organs of amphioxus. In this study, we have found that B. belcheri tsingtauense RIP1s are also abundant in such organs and that B. belcheri tsingtauense RIP1s-induced apoptosis can be abolished by the DD of B. belcheri tsingtauense FADD1. The similar expression and the functional relevance of B. belcheri tsingtauense RIP1s and the alternatively spliced isoform of B. belcheri tsingtauense FADD1 (B. belcheri tsingtauense FADD1-DD) suggests a tissue-specific alternative splicing mechanism in regulating amphioxus RIP1-mediated pathway. Alternative splicing of many immune-related genes is popular in amphioxus (data not shown), adding another regulation level to the extraordinary complex innate immune signaling of amphioxus besides the expansion of the outer recognition receptors and the inner signaling sensors (Y. Yu and A. Xu, unpublished observations).
Although B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b have been produced by lineage-specific duplication and have similar protein architectures, their functions are not redundant in responding to cellular stress, because we have found that B. belcheri tsingtauense RIP1a and B. belcheri tsingtauense RIP1b play contrary roles in the B. belcheri tsingtauense TICAM-mediated pathway. Sequence analyses and mutagenesis assays indicated that such difference is due to the point mutation of the Q into I in the RHIM motif of B. belcheri tsingtauense RIP1a. The murine CMV encodes a RHIM containing protein, M45, which can interact with RIP1 and RIP3, resulting in the disruption of RIP1-RIP3 and RIP1-TICAM1 interactions to inhibit the RIP1-meditated apoptosis and necrosis for virus clearance (46, 47) . Thus, we propose that B. belcheri tsingtauense RIP1a may be a native regulator of B. belcheri tsingtauense RIP1b in immune signaling by interacting with the other RHIM containing protein without sending downstream transduction signaling. Our study proposes another feedback regulation for amphioxus immune signaling via point mutation, which not only adds another layer of complexity to innate immune signaling in the transition from invertebrates to vertebrates, but also provides a novel perspective on the study of physiological and pathological mechanisms of human disease related to RIP1.
Thus, to our knowledge, our study is the first to reveal the evolutionary progression of the RIP family and to report that the ancient roles of RIP1 in cell fate determination depend on its association with multiple molecules, which in turn target diverse signaling pathways. An interesting observation is that amphioxus RIP1-related signaling may be negatively regulated through natural point mutation or tissue-specific alternative splicing. These findings may provide new insight into understanding the basic function of vertebrate RIP1-related signaling and the potential immune regulatory mechanism of RIP1 in human disease.
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